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Abstract 
Both the changes in temperature and strain during the process are used to reveal serious seepages and settlements occurring 
inside the embankment dam. A method for seepage and settlement monitoring in earth embankment dams using fully distributed 
sensing along optical fibres is proposed. The proposed monitoring system also offers the owner the strategy of the inspection and 
maintenance in earth embankment dams. The database in the control and maintenance center is described. In this paper, as an 
example, a model filled with the soil from Yellow River is built and bare optical fibers are embedded under different soil layers 
near the seepage path. The configuration of optical sensing cable in series of embankment dams is developed. The simulated 
seepage flows under various flow rates are monitored using the optical fibers and measured by a DiTeSt –STA202 distributed 
temperature and strain analyzer. A partial settlement within the embankment dam model is observed. The continuously 
decreasing temperature curve shows an abrupt dramatic increasing rate, which shows that the change is not caused by the 
temperature of the seepage water but the strain. The information from the monitoring center provides important reference for the 
expert decision-making system to ensure the safety of the embankment dam long running.
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Embankment dams are designed to remain functional despite some acceptable steady seepage. The background 
task for the surveillance of an embankment dam is to monitor the changes in temperature and pressure inside the 
embankment dam induced by those anomalous seepages which may threaten the structure integrity. Water pressure, 
which is usually detected with some borehole tubes distributed along a possible seepage path, is a traditional 
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quantity being monitored for tracking a seepage flow [1], [2]. Temperature can normally be easily measured in the 
standpipe using thermometers. Resistivity measurements are comparably more complicated since they require a 
computer-based monitoring system and minor technical installations on the dam. In spite of the effectiveness of 
those existing methods, none of them is suitable for continuous monitoring. With the recent advances in optical fiber 
sensing technology, seepage monitoring systems measuring the temperature inside the embankment dam using 
distributed sensing along optical fibers have been developed [3]. A preheated optical cable method is used in the 
dam filled with concrete core to detect seepage flow. The sensing cable is embedded at the dam toe filled with earth 
for the temperature measurement and other independent cables are installed at other places for the strain 
measurement [4]. Any excessive and unexpected seepage may lead to the failure of the embankment dam, especially 
in unconsolidated terrains, such as earth-filled embankment dams. However, if temperature and strain values are 
recorded separately, which is difficult for an early warning of the settlement in the embankment dam caused by 
serious seepage or piping. Moreover, the temperature change due to the seepage may become relatively stable when 
a higher seepage rate flow finds a fixed path through the embankment dam. Nevertheless, in dangerous cases such as 
those massive quake-induced lakes in China in 2008, the ability of the embankment to maintain itself under high 
stress needs to be investigated, since it is the main reference information for the crucial decision to either destroy the 
embankment dam, or to sluice by a diversion facility, or to reinforce the embankment dam to prevent an unexpected 
dam-break in the weaken parts. 
With the development of scour holes, soil and sands, stone foundation of spur dikes will be taken away by the 
rapid flow and the vortical flow. Even worse, spur dike may collapse, which happens in a very short time and bring 
serious hazard to vicinity residents. Therefore, stability problems must be detected and repaired in a timely manner. 
A long rod is usually employed to detect and approximate the extent of scour. Since scour occurs underwater, 
inspection and circumstance in-field are often rough and dangerous during flooding. The measurement results are 
therefore random and inaccurate which cannot be considered as foundation data to judge if a hidden disaster arises. 
An embankment dam especially for spur dike slide monitoring system based on fiber optic sensing technology has 
been proposed [5]. However, the stability and safety of embankment dams are related to many impact factors, such 
as seepage flow which is another kind of disaster. The entire embankment should be routinely and closely inspected 
for seepages, cracks, slides, and settlements. These records can help determine if a condition is new, slowly 
changing, or rapidly changing. A rapidly changing condition or the sudden development of a large crack, slide, or 
depression indicates a very serious problem.   
This paper presents an embankment dam safety management system including monitoring part to manage 
running condition records of the embankment dam, information and make maintenance strategy. 
2. Maintenance Strategy 
A successful safety and maintenance system provides reliable and meaningful embankment dam performance 
data to the operations and engineering personnel who are responsible for operating and maintaining the projects. The 
monitoring and maintaining strategy of the system is essential. There are a variety of tools or methods that are 
available for embankment dam hidden disaster detecting and monitoring. The selection of methods to implement for 
a particular embankment dam project is in designing a successful monitoring system. Many good references that 
currently exist regarding the selection, design, and installation of dam safety monitoring instrumentation are 
available. Optical fiber sensors are selected to build a monitoring system with high level of technology, which 
performs good monitoring activities and mainly aims at two variables, the strain and the temperature corresponding 
to the information of the settlement and the seepage of embankment dams. This monitoring system excludes some 
places where serious destroy hardly happened or some failure is unwarranted typically fail because the system is 
viewed as too complex and difficult to work with. The system is reliable and provides high quality data. Developed 
programs have friendly and clear interface which compensate perceived unreliability and the result of poor 
operations and maintenance procedures by users that do not understand the technology. However the over-use of 
high technology also can result in high installation costs relative to the benefits provided. This can lead to a decision 
not to implement the needed system improvements. By developing an effective detection and maintenance strategy 
in these cases, many of better benefits can be provided. A specially designed configuration to the implementation 
can also be very beneficial in managing the required annual capital expenditures, and also to aid in the acclimation 
of operations and engineering personnel to the new technology. The safety monitoring and management strategy 
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architecture for embankment dams is shown in Figure 1. The embankment safety inspection and detection consists 
two parts. One is manual inspection of minor instabilities. This part is mainly for short and isolated cracks, shallow 
slide and minor settlement. The job for these dam managers is to collect and evaluate the dam monitoring data by 
labor effort. The other part is automatically monitoring module based on DiTeSt-STA202 instrument. This part is 
especially for larger cracks, deep-seated slide, and larger settlement. Among mid-sized and big embankment dams, 
implementing large amounts of leading and sensing cables can provide substantial benefits in the quality and 
reliability of the monitoring, not lower the total system cost in current market but simplify the configuration of the 
system. Applying the appropriate strategy of maintenance for those particular warned positions or segments of 
embankment dams will form a successful management system according to both part one and part two warning 
reports. To accomplish this objective, proper steps and details must be followed in planning and designing the 
system. The following paragraphs discuss the monitoring module based on DiTeSt instrument and the details of 
configuration for two cases of the settlement and the seepage. 
Fig. 1. The safety monitoring and management  strategy architecture for embankment dams 
3. Hidden Disast Monitoring System 
 3.1 Monitoring system based on fiber optics sensors 
 Information acquisition is the first step for a management system. The fiber optics sensing cable serves as 
sensor unit, which is based on the mechanism of Stimulated Brillouin Scattering (SBS) in single mode optical fibers. 
By monitoring the Brillouin gain of the probe light in frequency domain, one can detect the temperature and the 
strain along optical fibers around these positions where abnormal seepage and the settlement occur. The optical fiber 
sensors are embedded in embankment dams and spur dikes. The configuration of the optical fiber sensors is shown 
in Fig.2. There are some leading cables between different spur dikes and embankment dams as well as linking 
DiTeSt analyzer. For the seepage, it can emerge at any location on the downstream face of embankment dams 
through the seepage line. If the seepage forces are large enough, the soil will be eroded from the foundation and be 
deposited in a cone-shaped surface near the outlet. The appearance of these "boils" is an evidence of a muddy 
seepage flow carrying soil particles. This shows the onset of piping and a complete failure of the dam may occur 
within hours. It can be manually inspected, but it may be late to implement maintenance and ensure the safety of 
embankment dams. The embankment dam can collapse at any moment and the responsibility over the community is 
serious for the manager. Fortunately, since the thermohydraulic behavior and soil mechanics are complex during this 
process, early detection of a serious seepage, which may even already turn into a collapse or a landslide [7], is 
possible and early warning is necessary. Hence, the practical real-time information is crucial to ensure the safety of 
the embankment dam. Both temperature changes and pressure rises around the seepage path must be monitored as 
completely as possible. The abrupt change from stable temperature curves to huge strain is an important signal to 
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predict the onset of a settlement caused by a serious seepage. This indication does not only concern an early warning 
action, but also is helpful for making key decision at crucial moments in dangerous dams. Two types of optical 
sensing cables are necessarily considered to detect the information of the temperature and the strain at the same 
position of the embankment dam.  Terminal module box actually is a container to protect fiber optic connectors. 
DiTeSt-STA202 analyzer accomplishes measurement and readout for the whole system. Developed programs for 
general users are made to extend the function of built in operation system. The details of developed programs will be 
described in the following paragraph. 
Fig. 2.  Configuration of fiber optics sensors 
 3.2 Illustrations 
 In order to investigate the strain and temperature change inside the embankment dam during the seepage 
and while settlement in the surface occurs, a bare optical fiber sensor is installed to monitor the two quantities while 
simulations are simultaneously carried out using a specially designed simulation kit. It turns out to be quite easy and 
flexible to monitor the signal without long waiting and difficulty to seek for and track a serious seepage flow in the 
real embankment dam. The boundary conditions can be modified to explore the relationship between the seepage 
flow and the settlement.  
Once the embankment dam model equipped with the optical fibers is set up and ready to use, a zincificated 
steel tube embedded in advance inside the model was pulled out quickly. The iced-water in the tank enters into the 
embankment dam model through the external water pipe and flows into the seepage path. This latter was previously 
pre-formed using the zincificated steel tube to saturate the soil in the embankment dam model. The signal is 
continuously measured during the saturating process. The water flux is controlled using a water control valve. One 
day later, the seepage path around the man-made water drainage route is assumed to be formed. Some new ice 
blocks were placed into the water tank and a considerably larger quantity of iced water was poured into the 
embankment dam model through the same water input port (see Figure 3). 
Fig. 3.  Seepage simulator kit 
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The optical fiber sensing system is based on the mechanism of Stimulated Brillouin Scattering (SBS) in single 
mode optical fibers. By monitoring the Brillouin gain of the probe light in frequency domain, one can detect the 
temperature and strain along optical fibers around which the abnormal seepage and the settlement occur. The optical 
fiber sensors are embedded in four different layers inside the embankment dam model (size 2m×1.2m×2m) to 
measure the effect of temperature and strain. The sensors are distributed along different temperature contour lines in 
the seepage flow. The distances between the four layers are 0.1m, 0.2m, 0.3m, and 0.35m above the bottom of the 
embankment dam model, respectively. The rate at which the entered water percolates in soils may have a 
considerable impact on the kinetics of transport processes of the seepage and the soil. The water flux is gradually 
increased to simulate further huge seepage after the seepage flow is in an observable steady state for a moment. This 
situation defines the moment to create an agenda to perform periodic executions of the measurement routine. An 
automatic measurement can be performed according to a pre-defined measurement agenda. The temperature ofthe 
soil inside the embankment dam model and the temperature of the water in the water tank are measured using 
traditional thermometers. The ice blocks are added into the water tank to cool the water, since this facilitates the 
observation of apparent differences between the original temperature and the actual temperature inside the 
embankment dam model. Three kinds of flux are chosen in the experiments. 
 3.3 Experimental results  
 The temperature inside the embankment dam model changed while the water was pouring into the 
embankment dam model. It is shown in Figure 4, presenting the initial condition of the optical fibers outside and 
inside the embankment dam model. We can see that outdoor temperature is around 15 degrees; Initial temperature 
inside the embankment dam model is 12 degrees.  
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Fig. 4. Three turning curves of the temperature and the strain 
Fig. 5. Overall appearance of the embankment dam model with settlement 
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The two temperatures keep stable for a moment before the coming of the next relatively large water flow. The 
next day, when the flux of pouring water increases, the temperature inside the embankment dam model gets down 
since some new ice blocks are mixed into the water in the tank again. Until completion of the experiment, the values 
of the Brillouin frequency keep steadily increasing. The three turning point curves are shown in Figure 5. 01-25 is 
the temperature before pouring into cold water, solid line; 01-31 is the first reduced temperature curve, line with 
cross symbols; 02-35 is the first strain curve, line with asterisk symbols; 02-39 is the maximum strain curve in the 
experiments, line with diamond symbols. After the seepage flow turns stable, the temperature of the water in 
seepage flow impacts less the temperature of the soil around the seepage path. Serious and continuous seepage flow 
will result in the settlement of the embankment dam model. It can also be noticed that the strain will get bounded 
when the deformation extends much, which should be the maximum of the (01-25 is the temperature before pouring 
into cold water, solid line; 01-31 is the first reduced temperature curve, line with cross marked; 02-35 is the first 
strain curve, line with asterisk marked; 02-39 is the maximum strain curve in the experiments, line with diamond 
marked.) strain. In the experiments, there are four hard side walls to protect the embankment dam model. But for a 
real embankment dam the settlement develops towards the extreme state where serious dam break/crack may occur. 
At that moment huge strain are placing the structure beyond the strain threshold that the embankment can endure, 
which may finally laminate the embankment. It is crucial to capture those turning moments. Although DiTeSt-
STA202 instrument is designed to analyze one parameter - temperature or strain after setting a calibration using the 
corresponding  coefficient - we have enough proof to believe that the value of Brillouin frequency changed as a 
result of the strain and not exclusively to the temperature after a large apparent settlement occurs. Figure 5 shows. A 
deep settlement pit nearby the water output port and an apparent settlement zone where the optical fiber sensors are 
placed.   
4. Ditest Automatically Monitoring  
The software design is mainly aiming at the program for terminal computer user based on DiTeSt-STA202 
instrument. The terminal is the basic workstation for the management, i.e. field monitoring layer for the safety of the 
embankment dam. The software architecture of the monitoring system is shown in Fig.3. The three critical 
components of a dam monitoring system are 1) instrumentation, 2) data collection, and 3) data processing and 
management. Currently, there are many tools available for making improvements in these three areas and optimizing 
a dam’s monitoring system. Fiber optics sensing cables and DiTeSt-STA202 are used here as tools to accomplish 
data collection. Agenda scanning with set resolution is used in daily monitoring  measurement. When some hidden 
disaster symptoms are found in manual inspection, triggered scanning with higher resolution started. Hence, here the 
tools that are being used for data collection include hand held computers and automated agenda data acquisition 
programs set by users according to required monitoring frequency. The original optical signals are transferred into 
electronic signals, and digital signals for data processing and recording valuable visual observations. Data 
management tasks are accomplished using a variety of tools ranging from spreadsheets to custom database 
applications. For DiTeSt-STA202 instrument the data of “Amplitude” and “temperature/strain” are automatically 
stored in case of the threshold exceed. There are three saving options, which define the way of the file saved. The 
operation system creates a new file for every new measurement. The same name is used followed by an incremental 
number. Example: measurement_1.txt. Append the new measurement to the existing file without changing the name 
of the file. If there is no file in the folder, the system creates a new one. The last option is overwrite. This option 
replaces the existing file with new measurement. If there is no file in the folder, the system creates a new one. 
Further data processing programs are developed to obtain more visual and receivable engineering variables and 
names. In proposed monitoring system, there are three main data processing modules. One is current data 
processing, which includes drawing 3D, plotting strain/temperature curves, calibrating strain/temperature, making 
report forms, and marking at warned positions. The second unit is history data processing, which includes 
temperature seepage trend calculating, strain trend calculating, plotting trend curves, and inquiring marked warning 
positions. The last one is data transmission unit, which includes processed data pocket and original data packet. Two 
cases of the settlement and the seepage are considered herein. Dealing with the data transmission is to offer the 
service for the upper user and the remote manager who is permitted to share these data resource, including the data 
packet of the visual chart and the original database. It is helpful for embankment dam manager to take a fresh look at 
their embankment dam monitoring systems. With the advance in fiber optics sensing cables, the monitoring system 
based on distributed fiber optics sensing would be available coupled with a decrease in the cost of the technology 
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provide more options to optimize dam monitoring systems. The proper integration of novel and traditional tools for 
a particular dam project or group of projects requires the appropriate selection of technology level of planning and 
design before the improvements are implemented. 
Fig. 6.  The software architecture of the monitoring system for embankment dams 
5. Conclusion 
The long distance Yellow River embankment dam is taken as an example to develop a safety strategy of 
monitoring and maintenance. The configuration of fiber optics sensing cables are discussed, and the addition of a 
data collection, processing and management modules are described to meet the objectives of providing an improved 
level of dam performance monitoring and an advanced warning system for users and embankment dam managers. 
The monitoring system improvements integrated a new data collection process and a central database to improve the 
data quality, early warning ability and real time monitoring effect. This allows more effort to be focused on 
evaluating the performance of embankment dams and obtaining a better understanding of their performance so that 
changes can be identified quickly and informed decisions can be made regarding the operation and maintenance of 
whole embankment dams. 
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